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Abstract
This article shows some results related to the optimum 
design of a multilayered electromagnetic absorber, in the 
frequency range between 0.85 GHz and 5.4 GHz, which 
EHORQJVWRZLUHOHVVFRPPXQLFDWLRQV)RUWKLVGHVLJQWKH
8QLʏHG3DUWLFOH6ZDUP2SWLPL]DWLRQ8362PHWDKHXULV-
tic was used. The results agree with those previously ob-
tained using the standard Particle Swarm Optimization 
(PSO) algorithm and the deterministic method of interval 
analysis, which were previously reported. An important 
reduction on computation time was achieved, although a 
limited results reproducibility persists.
Palabras claves
$EVRUEHGRUHOHFWURPDJQ©WLFRFRHʏFLHQWHGHUHʐH[L³Q 
enjambre de partículas, optimización.
Resumen
En el presente artículo se muestran algunos resultados re-
lacionados con el diseño óptimo de un absorbedor electro-
magnético multicapa dentro del rango de frecuencias 0,85 
GHz a 5,4 GHz, correspondiente a las comunicaciones 
inalámbricas. Para este diseño, se utilizó el algoritmo me-
WDKHXU­VWLFRGHHQMDPEUHGHSDUW­FXODVXQLʏFDGR8362
Sus resultados concuerdan bastante bien con los obtenidos 
utilizando el algoritmo estándar de enjambre de partículas 
(PSO) y el método determinístico de análisis de intervalos, 
previamente reportados. Se destaca la notoria disminución 
de tiempo de computación, aunque persiste una reproduc-
ibilidad limitada de los resultados.
INTRODUCTION
Today, most electronic devices, especially those used for 
wireless communications, must comply with electromagnet-
ic compatibility standards. This is evaluated in an anechoic 
chamber, where electromagnetic radiation is measured to test 
ZKHWKHULWIDOOVEHORZWKHPD[LPXPDOORZHG&XL:HLOH	
9RODNLV&XL	:HLOH6DOD]DU	0RUD,Q
a similar fashion, the device must also behave properly un-
GHUWKHHIIHFWRIH[WHUQDOHOHFWURPDJQHWLFʏHOGV$QDOWHUQD-
WLYHWHVWWKDWIXOʏOOVERWKUHTXLUHPHQWVLVWRXVHHOHFWURPDJ-
netic absorbers (EMAs). Recently, interest in this area has 
LQFUHDVHGVLJQLʏFDQWO\GXHWRWKHJURZLQJQXPEHURI:L)L
and Bluetooth capable devices. Another interesting area is 
so-called EM invisibility at given frequencies, involving new 
materials and combinations as well as different geometries 
and textures. Conceptually, EMA are passive elements used 
(ideally) to attenuate all incident energy. Among the com-
monest geometries, pyramidal, multilayered and different-
texture multilayered, are the most important (Chamaani, 
Mirtaheri, Teshnehlab, & Shooredeli, 2007; Liu, Zhang, Gao, 
Shen, & Shi, 2009; Michielssen, Sajer, Ranjithan, & Mittra, 
1993). Optimum design of a device of this kind not only re-
quires it to function properly, but also to take into account 
electromagnetic, economic and aesthetic variables. There-
fore, optimization has migrated from deterministic methods, 
to evolutionary and metaheuristic ones, such as PSO. Asi 
et al. designed a multilayer microwave broadband absorber 
E\XVLQJ&HQWUDO)RUFH2SWLPL]DWLRQDQRWKHUPHWDKHXULVWLF
WHFKQLTXHWKRXJKGHWHUPLQLVWLFLQWKLVFDVHʏQGLQJWKDWLW
provided similar results to those achieved using other evolu-
tionary algorithms (M.J. & N.I., 2010).This article presents 
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the design of a planar, three-layer, EMA for the range 0.85 
*+]*+]XVLQJ8QLʏHG36283627KHUHVXOWVDUH
compared with those previously reported in [3], using con-
ventional PSO and interval analysis. 
FUNDAMENTALS
Reflection Coefficient
An EMA is a passive device used to dissipate most of its inci-
GHQWHQHUJ\,WVPDLQSHUIRUPDQFHSDUDPHWHULVWKHUHʐHFWLRQ
FRHIʏFLHQWƭ, which depends on the permeability (Ɖ) and the 
permittivity (Ɵ) of the base materials, as well as their order. 
$JHQHUDO VFKHPH IRU DPXOWLOD\HU(0$ LV VKRZQ LQ)LJ
1. Each of the N layers is built with a given material, with 
VSHFLʏF GLHOHFWULF SURSHUWLHV VXFK DV SHUPLWWLYLW\ Ɵ
k
) and 
permeability (Ɖ
k
7KHʏQDOOD\HULVDVVXPHGWREHLQGLUHFW
contact with a perfectly conducting wall. It is also assumed 
WKDW WKH LQFLGHQWZDYHLVSHUSHQGLFXODU WR WKHPDWHULDO)RU
some cases, this assumption is not too far from reality, e.g. 
in a cavity inside a cell phone, where the material is placed 
to keep electromagnetic waves, at a given frequency, from 
entering or exiting the device.
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Beginning with the foundations of electromagnetism, the 
UHʐHFWLRQFRHIʏFLHQWFDQEHHDVLO\VKRZQWREH
ƭ(z) =  
 E
r
e2yz                                                                           
(1)
                E
i 
where E
r 
/ E
i
LVWKHUHODWLRQEHWZHHQWKHUHʐHFWHGDQGLQFLGHQW
KDUPRQLFHOHFWULFʏHOGV7KHZDYHLVDVVXPHGWREHWUDYHOLQJ
along the z-axis, being ƀ the complex propagation constant. 
The total impedance of the absorber Z(z LVGHʏQHGDV WKH
UHODWLRQEHWZHHQLWVHOHFWULFDQGPDJQHWLFʏHOGV&RQVLGHULQJ
this, it can be established that: 
Ƚ(z) =   Z(z) – Ș
                                                                     
(2)
              Z(z) + Ș 
r
r
where Ƅ is the intrinsic impedance. On the other hand, start-
LQJ IURP WKHGHʏQLWLRQRIDPDWHULDOȊV WRWDO LPSHGDQFH IRU
each one of the N layers, in a lossless medium, it can be 
shown that (Bronwell, 1944): 
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where t
k
 is the thickness of the layer k, and Ƅ
k
 is the imped-
ance of the wave at such a layer. The impedance of the last 
material (from top to bottom), i.e. for k= N, shows it to be 
close to a perfect conductor. ſ
k
 is the phase constant of the 
k-th layer; it is a function of the frequency, ƒ, which can be 
GHʏQHGDV
ȕ
k
 =  2ʌ¦¥ȝ
k
İ
k
                                                                       (4)
Building from these concepts, the objective function, for 
DQRSWLPXP(0$FDQEHFRQVWUXFWHG6LQFH WKHUHʐHFWLRQ
FRHIʏFLHQWLVDGLUHFWLQGLFDWRURIHIʏFLHQF\LWLVH[SHFWHGWR
DSSHDULQWKHHTXDWLRQ7KHWRWDOʏHOGLPSHGDQFHZ(z) in (2) 
transforms into the impedance of material 1, which is a func-
tion of the inner layers. The intrinsic impedance, Ƅ, is that of 
air, which can be taken to represent the vacuum. Therefore, 
the equation can be rewritten as:
R(ƒ) =
   Z
1
(ƒ) – Ș
º
                                                                 
(5)
              Z
1
(ƒ) + Ƅ
º
  
Given these conditions, it is established that the design re-
TXLUHVDSUHYLRXVO\GHʏQHGIUHTXHQF\EDQG7KXVWKHREMHF-
WLYHIXQFWLRQEHFRPHV&KDPDDQLHWDO&XL	:HLOH
2005):
F
obj
 = 20Log (max|R(ƒ)|,ƒ א DB                       (6)
where DB is the design band (i.e. the group of frequencies 
between 0.85 GHz and 5.4 GHz). Since both the thickness 
and electromagnetic properties of each layer are unknowns, 
designing an N layer absorber requires 2N optimization pa-
rameters. This is, then, a non-linear multivariable optimiza-
tion, which simultaneously involves both continuous (e.g. 
thickness and frequency) and discrete (e.g. type of material) 
variables. The idea of using this objective function is to mini-
PL]HWKHUHʐHFWLRQFRHIʏFLHQWWKXVGHVLJQLQJDORZZHLJKW
EMA, which absorbs the maximum amount of perpendicular 
EM energy. The optimization strategy focuses on selecting 
the best material from a previously constructed material data-
base. This database is populated with experimental data and 
provides information on their dielectric properties.
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Particle Swarm Optimization
This algorithm was created by Kennedy and Eberhart in 
1995. Thousands of articles have described it, and hundreds 
KDYH SURSRVHG PRGLʏFDWLRQV VWULYLQJ WR DGDSW LW WR VRPH
more complex optimization tasks. A brief description is pro-
YLGHGKHUHIRFXVLQJRQWKHXQLʏHGYHUVLRQ%HJLQQLQJZLWK
the traditional PSO:
V
i+1
 = w * Vi  + c1 * r1 * (Pl – Xi ) + c2 * r2 (Pg – Xi)
             (7)    
                                X
i+1
 = X
i
 + V
i+1                                                               
(8)
If an N-dimensional space is taken into account, then X
i
 is a 
vector that describes the position of each particle, whereas V
i 
is their velocity. At each iteration, two values are calculated: 
WKHSDUWLFOHȊVEHVWSRVLWLRQ P
l 
 DQG WKH VZDUPȊVEHVWSRVL-
tion (P
g 
)LQDOO\WKHUHDUHWZRSRVLWLYHFRQVWDQWVc
1 
, and c
2 
, 
WKDWDUHNQRZQDVȍDFFHOHUDWLRQFRHIʏFLHQWVȎw is the iner-
tia weight, and r
1
 , and r
2 
 are uniformly distributed random 
QXPEHUV EHWZHHQ  DQG  ,Q WKH XQLʏHG YHUVLRQ WKH EHVW
local and global information is used to modify the original 
information, and a local and global velocity, L
i
, G
i
, appear, 
which use the best position of the neighborhood and of the 
swarm, P
gi
 and P
g 
, respectively. This can be summarized as 
(Parsopoulos & Vrahatis, 2007):
G
i
 = Ȥ (V
i
  + c
1
 * r1 * (Pl – Xi ) + c2 * r2 (Pg – Xi  ))
              (9)    
L
i
 = Ȥ (V
i
  + c
1
 * r1 * (Pl – Xi ) + c2 * r4 (Pgi – Xi  ))              (10)
7KHVHGLUHFWLRQVDUHXQLʏHGLQDVLQJOHHTXDWLRQ
U
i
 = u * Gi + (1 – u)
 
*
  r
n
  
*
  L
i
                                             (11)    
The constriction factor, Ɣ, is introduced to limit the speed of 
WKHSDUWLFOHVNHHSLQJWKHVZDUPIURPH[SORGLQJ7KHXQLʏFD-
tion factor, u, restricts the local and global components, thus 
enriching the search capabilities of the algorithm. Equation 
(12) shows the new way of updating positions, which can be 
VHHQWREHVLPLODUWRHTEXWZLWKXQLʏHGYHORFLWLHVU
i 
).
X
i+1
 = X
i 
+ U
i                                                 
                                                (12)    
In order to consider restrictions, a penalty function was in-
FOXGHGZKLFKPRGLʏHGWKHREMHFWLYHIXQFWLRQE\DIDFWRUWKDW
affected particles outside the feasible area. Thus, the problem 
transforms into:
ƒɪ (x)  =ƒ(x)+k
  *
H (x)                                                    (13)    
³
     ²
where ƒ(x)  is the objective function, and H(x)  is the pen-
alty factor, which varies with the number of iterations, k. H(x) 
LVGHʏQHGDV
H(x) =     (ș(g i(x))  *  g i (x)r (g i(x)))                            (14)  
with g
i
(x) = g
i
(x) if it is less than zero, and g
i
(x) = 0 otherwise. 
7KHSDUDPHWHUVZHUHGHʏQHGDVGHVFULEHGLQ3DUVRSRXORV	
Vrahatis, 2007):
ƅ(g
i
(x)) =
       10,                  g
i
 (x) < 0.001                     
(15)
                g
i
 (x
g
i
 (x
                      300,                     otherwise
r(gi(x)) =
                    g
i 
(x) < 1                                  
(16)
                                   otherwise
r (g
i
(x)) is related to the penalty function, i.e. it applies a pen-
alty proportional to the restriction violation. In order for the 
particles to remain within the search space, it was decided 
that (Bronwell, 1944):
x
i
 =
       x
max
 – 0.1 * rand1 *
  (x
max
  –  x
min
),          x
i 
>  x
max
     
(17)
 
            x
min 
 + 0.1 * rand2 *
  (x
max
  –  x
min
),          x
i 
>  x
max    
            x
i
,                                                  otherwise
where x
max 
 and x
min 
GHʏQHWKHVHDUFKVSDFH,QDVLPLODUIDVK-
ion, the particles were initialized with a uniform random dis-
tribution in this region.
RESULTS AND ANALYSIS
Definition of the operating band
The absorber was composed of three layers. It was designed 
to operate in the frequency range of wireless technologies 
including mobile communications, Bluetooth (2.45 GHz), 
:L)L*+]*+]*+]DQG=LJ%HH*+]
0.915 GHz, 2.45 GHz).
upso Implementation
7KHWKLFNQHVVRIHDFKOD\HUZDVGHʏQHGWREHLQWKHUDQJH 
0.1 mm - 2.0 mm, striving to limit the results to a viable so-
lution, since a thick layer is not practical owing to its cost, 
weight and volume. A heterogeneous mixture of materials in 
WKHPDWHULDOVGDWDEDVHZDVGHʏQHGDVVKRZQLQZKHUHƟ
r
 
is the dielectric constant and Ɖ
r
 is the relative permeability of 
each material.
i = 0
m
1
2
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Table 1. DĂƚĞƌŝĂůƐĚĂƚĂďĂƐĞ;DŝĐŚŝĞůƐƐĞŶĞƚĂů͕͘ϭϵϵϯͿ
a. Lossless dielectric materials (ʅ
r 
= 1)
EƵŵďĞƌ ˒
r
1 ϭϬ
Ϯ ϱϬ
ď͘>ŽƐƐǇŵĂŐŶĞƟĐŵĂƚĞƌŝĂůƐ;ɸ
r
 = 15)
EƵŵďĞƌ ʅΖ;ϭGHzͿ ʅΖΖ;ϭGHzͿ
3 ϱ ϭϬ
4 3 ϭϱ
ϱ 7 ϭϮ
c. Lossy dielectric materials (ʅ
r 
= 1)
EƵŵďĞƌ ɸΖ;ϭGHzͿ ɸΖΖ;ϭGHzͿ
6 ϱ 8
7 8 ϭϬ
8 ϭϬ 6
Ě͘ZĞůĂǆĞĚŵĂŐŶĞƟĐŵĂƚĞƌŝĂůƐ (ɸr = 15)
EƵŵďĞƌ ʅΖ;ϭGHzͿǆϭE7 ʅΖΖ;ϭGHzͿǆϭE7
9 Ϭ͘ϬϮϮϰ Ϭ͘ϮϴϬϬ
ϭϬ Ϭ͘ϬϬϴϳ Ϭ͘ϭϳϱϬ
11 Ϭ͘ϬϯϬϬ Ϭ͘ϯϬϬϬ
ϭϮ Ϭ͘ϬϬϰϱ Ϭ͘ϬϵϬϬ
13 Ϭ͘ϬϰϱϬ Ϭ͘ϯϬϬϬ
14 Ϭ͘ϭϴϳϱ Ϭ͘ϳϱϬϬ
ϭϱ Ϭ͘ϭϮϬϬ Ϭ͘ϲϬϬϬ
16 Ϭ͘ϯϬϲϮ Ϭ͘ϴϳϱϬ
The material for each layer was selected from the available 
16. During the simulation, W was varied from 0.9 to 0.4. The 
constants c
1
, c
2
, were equal and assumed to be 1.46. Speed 
was initialized in a similar way as position (i.e. randomly). 
7KH WKLFNQHVV VHDUFK VSDFH ZDV GHʏQHG EHWZHHQ >
and 0.0021]. 
Final design of the absorber
It had previously been reported that the algorithm returned 
three possible designs for the absorber, when solved using 
362 7KHVH DUH VXPPDUL]HG LQ  :KHQ XVLQJ LQWHUYDO 
analysis, a solution with a minimum of -21.4605 dB was 
found, consisting of the same materials, and with thicknesses 
of [0.5750, 0.6938], [1.8812, 2.0000] and [1.5250, 1.6438] 
mm, respectively (Salazar & Mora, 2011).
Table 2. WŽƐƐŝďůĞĚĞƐŝŐŶƐ
First Design Second Design Third Design
DĂƚĞƌŝĂů
ŽƌĚĞƌ
dŚŝĐŬŶĞƐƐ
[mm]
DĂƚĞƌŝĂů
ŽƌĚĞƌ
dŚŝĐŬŶĞƐƐ
[mm]
DĂƚĞƌŝĂů
ŽƌĚĞƌ
dŚŝĐŬŶĞƐƐ
[mm]
>ĂǇĞƌϭ 16 Ϭ͘ϱϵϵϴ 16 Ϭ͘ϲϴϰϮ 16 Ϭ͘ϱϴϰϱ
>ĂǇĞƌϮ 3 Ϯ͘ϬϬϬϬ ϭϮ ϭ͘ϴϬϬϯ ϱ 1.7433
>ĂǇĞƌϯ 4 ϭ͘ϲϮϲϴ 4 ϭ͘ϲϴϵϬ 4 ϭ͘ϵϱϴϴ
^ŽƵƌĐĞ͘;^ĂůĂǌĂƌΘDŽƌĂ͕ϮϬϭϭͿ
1 3. summarizes some of the results achieved using UPSO, 
maintaining the same experimental conditions as before, and 
using a laptop with an Intel Core i7 processor @ 2.20 GHz, 
8Gb of RAM and a 64 bit OS. 
Table 3. ĞƐŝŐŶƐƵƐŝŶŐhW^K
Parameters
Materials
Order
Thickness
[mm]
ZĞŇ͘
ŽĞĸĐŝĞŶƚ
[dB]
Time
[s]
dƌĂĚŝƟŽŶĂů
W^K
16
3
4
Ϭ͘ϱϵϵϲϲϬ
Ϯ͘ϬϬϬϬϬϬ
ϭ͘ϲϮϲϬϵϴ
ͲϮϭ͕ϰϲϮϲϯϱ ϰϱϭ
hŶŝĮĞĚW^K
ʖсϬ͘ϲ
uсϬ͘ϱ
16
4
9
Ϭ͘ϲϭϯϰϳϲ
ϭ͘ϵϵϭϲϳϬ
Ϭ͘ϳϵϲϬϬϰ
Ͳϭϴ͘ϭϲϯϭϯϳ Ϯ͘ϱϭ
ʖсϬ͘ϳ
uсϬ͘ϱ
16
3
4
Ϭ͘ϱϵϴϲϵϵ
1.999961
ϭ͘ϲϮϮϲϴϱ
ͲϮϭ͘ϰϲϮϮϵϮ Ϯ͘Ϯϯ
ʖсϬ͘ϳϱϵ
uсϬ͘ϱ
16
3
4
Ϭ͘ϲϬϭϯϰϮ
ϭ͘ϴϲϱϲϰϭ
ϭ͘ϳϮϰϬϯϱ
ͲϮϭ͘ϰϮϲϯϱϱ 3.91
ʖсϬ͘ϳϮϵ
uсϬ͘ϲ
16
3
4
Ϭ͘ϲϬϬϯϲϭ
1.913168
ϭ͘ϲϴϳϴϱϭ
ͲϮϭ͘ϰϰϬϴϬϴ Ϯ͘ϳϰ
ʖсϬ͘ϳ
uсϬ͘ϱ
16
3
4
Ϭ͘ϲϬϭϲϵϲ
1.996813
ϭ͘ϲϯϱϲϯϬ
ͲϮϭ͘ϰϲϭϮϳϲ Ϯ͘ϴϭ
ʖсϬ͘ϴ
uсϬ͘ϱ
16
3
4
Ϭ͘ϱϵϵϵϭϲ
ϭ͘ϵϵϵϱϱϮ
ϭ͘ϲϮϳϯϭϵ
ͲϮϭ͘ϰϲϮϱϭϴ 13.16
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ϭϭ͕ϱϮϮ͕ϱϯϯ͕ϱϰϰ͕ϱϱ
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Figure 2. ďƐŽƌďĞƌďĞŚĂǀŝŽƌŝŶƚŚĞĨƌĞƋƵĞŶĐǇďĂŶĚ
It is observed that the results match quite well with pre-
viously reported ones, but were obtained in a shorter time 
(around 30% less) and with fewer iterations. Regarding the 
algorithm parameters, the best results were obtained with 
Ɣ = 0.8 and u    )XUWKHUPRUH JRRG UHVXOWV UHSHDWDELO-
LW\ZDVREVHUYHGIRUʏYHFRQVHFXWLYHLWHUDWLRQVHYHQWKRXJK
for every six runs one different result was returned. The be-
havior of the best design is summarized in 1. It is important 
WRUHPDUNWKDWWKHKRUL]RQWDOOLQHVKRZQLQWKHʏJXUHLVWKH
simulation result. This is the optimum, since it has a lower 
critical point (-21.4606dB), even though all were located in 
the range [-21.5000 -20.9166]. The average run time was in 
the order of 5 to 10 minutes, with a success rate of over 99% 
IRUʏYHFRQVHFXWLYHUXQV
CONCLUSIONS
The three-layer EMA showed good performance for the pre-
YLRXVO\GHʏQHGIUHTXHQF\EDQG*+]*+]$FRU-
rect selection of the most relevant parameters (e.g. swarm 
VL]HDQGERXQGDU\FULWHULDIRUWKHXQLʏHGDOJRULWKPLQFUHDV-
es the likelihood of achieving a correct answer with a mini-
mum number of runs. By comparing both methods, it can be 
concluded that UPSO is better than the traditional method 
(PSO), in terms of computation time. Another advantage is 
that it can easily include more restrictions - for example eco-
QRPLFIDFWRUVLQRUGHUWRʏQGIRUH[DPSOHWKHORZHVWFRVW
FRQʏJXUDWLRQ
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